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In this work we describe the synthesis and characterization of maghemite nanoparticles obtained by a new
synthetic route. The material was synthesized using triethylamine as a coprecipitation agent in the
presence of the organic ligand N,N0-bis(3,5-di-tert-butyl-catechol)-2,4-diaminotoluene (LCH3). Mo¨ssbauer
spectrum at 4 K shows typical hyperﬁne parameters of maghemite and Transmission Electron Microscopy
images reveal that the nanoparticles have a mean diameter of 3.9 nm and a narrow size distribution. AC
magnetic susceptibility in zero ﬁeld presents an Arrhenius behavior with unreasonable relaxation
parameters due to the strong inﬂuence of dipolar interaction. In contrast when the measurements are
performed in a 1 kOe ﬁeld, the effect of dipolar interactions becomes negligible and the obtained
parameters are in good agreement with the static magnetic properties. The dynamic energy barrier
obtained from the AC susceptibility results is larger than the expected from the average size observed by
HRTEM results, evidencing the strong inﬂuence of the surface contribution to the anisotropy.
& 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The synthesis and characterization of magnetic nanoparticles is
one of the most important aims in nanomagnetism, mainly due to
many technological applications. The chemical and physical stability
as well as intrinsic magnetic properties made nanocrystalline
maghemite (g-Fe2O3) an essential magnetic component for the
magnetic storage media industry [1]. Moreover, this iron oxide
and its close relative magnetite (Fe3O4) are the only magnetic
materials approved for use in biomedical applications, including
magnetic isolation and separation of labeled cells, magnetic drug
and radioactive targeting, tumor treatment via hyperthermia and
image-intensifying contrast agents for NMR imaging [2]. For tech-
nological applications, these oxides have to be produced by well-
characterized, cost effective and controllable processes that afford
functionalized nanoparticles of a certain size, morphology and
narrow size distribution. There are many routes to produce stable
colloidal dispersions of magnetic iron oxides either by physical or
chemical methods [3]. In this work we describe the synthesis and
characterization of maghemite nanoparticles obtained by the use of
triethylamine as a coprecipitation agent in the presence of thesevier OA license.organic ligand N,N0-bis(3,5-di-tert-butyl-catechol)-2,4-diaminoto-
luene (LCH3), which proved to be a promising method to obtain
small nanoparticles with a narrow size distribution.2. Experimental
2.1. Synthesis
The ligand LCH3 was synthesized using the same procedure as
previously described [4]. Iron oxide nanoparticles were prepared by
mixing 350 mg of iron(II) chloride to 500 mg of ligand LCH3 in
25 mL of acetonitrile and heating the resulting mixture under reﬂux
for three hours in the presence of 0.8 mL of triethylamine. The
resulting solid was ﬁltered, washed with acetonitrile and dissolved
in 20 mL of ethyl ether. The resulting suspension was ﬁltered
yielding a light brown powder, which was washed with ether.
2.2. Characterization
The sample was characterized by XRD (X-ray diffraction),
Mo¨ssbauer spectroscopy, TEM (Transmission Electron Microscopy),
and magnetic susceptibility measurements. XRD measurement
was performed using a Bruker D8 Advance diffractometer with
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Mo¨ssbauer spectra were recorded in transmission geometry using
a conventional spectrometer operating in constant acceleration
mode. A 57Co in Rh matrix was used as the radioactive source. The
measurements were made without application of external mag-
netic ﬁeld, at temperatures of 300 K and 4 K. The spectra were
ﬁtted using the program ‘‘NORMOS’’. Transmission electron micro-
scopy (TEM) experiments were performed in a CM 200 Philips TEM
equipped with an Ultra Twin objective lens, operating at 200 keV.
The nanoparticles were deposited on a commercial copper grid
covered with an ultrathin carbon ﬁlm by immersion in a suspen-
sion of the nanoparticles in ethanol. Samples for magnetic mea-
surements were prepared from a washed powder without addition
of any surfactant or ligand, pressed inside a gelatin capsule. Zero
Field Cooled (ZFC) and Field Cooled (FC) magnetization and
hysteresis curves were measured using a Cryogenic SX600 super-
conducting quantum interference device (SQUID) magnetometer.
AC susceptibilities were measured in a Quantum Design PPMS
susceptometer.Fig. 1. XRD pattern of g-Fe2O3 nanoparticles.
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Fig. 2. Mo¨ssbauer spectra of g-Fe2O3 nanoparticles at 300 K (a) and 4 K (b) and the
best ﬁt shown as the darker line.
Fig. 3. HRTEM image of g-Fe2O3 nanoparticles.3. Results and discussion
3.1. Synthesis
In coprecipitation methods described in the literature, when FeCl2
or a mixture of FeCl2/FeCl3 is used in the synthesis, an oxidizing
agent is necessary to obtain maghemite nanoparticles [5–8]. In our
case, maghemite was synthesized starting from a Fe(II) salt in the
presence of the ligand LCH3 and triethylamine. Although the copre-
cipitation method is largely used in the synthesis of nanoparticles,
this is the ﬁrst time that triethylamine was used as a coprecipitation
agent. Actually, this base is used to deprotonate this kind of ligand in
the synthesis of coordination compounds [9]. The fact that the ligand
can exist in ﬁve oxidation states and the formation of these
complexes involves oxi–reduction reactions might be important in
the formation of the maghemite nanoparticles. Although further
detailed studies are needed to understand the mechanism by which
the formation of nanoparticles occurs, the presence of the ligand
LCH3 seems to have an important role in the size limitation of the
maghemite nanoparticles obtained in this work.
3.2. Characterization
X-ray powder diffraction patterns indicate the formation of
nanocrystalline spinel phase due to either Fe3O4 or g-Fe2O3
(Fig. 1). A mean diameter of 3.0 nm was estimated from the width
of the reﬂections from the (311) planes (2y¼35.81) using Scherrer’s
equation.
Fig. 2 shows the Mo¨ssbauer spectra obtained at 300 and 4 K. At
300 K the spectra display a broadened doublet with an isomer
shift of 0.32 mm.s1 and quadrupolar splitting of 0.71 mm s1,
which corresponds to high-spin Fe(III) ions. The spectrum at 4 K
was ﬁtted with two sextets, with isomer shifts of 0.48(5) and
0.46(5) mm s1, quadrupolar splitting¼0.02(1) mm s1, and
magnetic hyperﬁne ﬁeld (Hhf)¼50.2 and 48.4 T, typical hyperﬁne
parameters of maghemite in this temperature [10]. These results
conﬁrm that the sample is composed mainly of maghemite
(g-Fe2O3). Fig. 3 presents a typical high resolution TEM image of
the g-Fe2O3 nanoparticles. The average nanoparticle diameter is
(3.970.5) nm, a ﬁt to the distribution of sizes by a lognormal
function gives Dc¼4.0 nm and s¼0.1 (see Fig. S1, supplementary
information), which is considered as a narrow size distribution.
HRTEM images demonstrate that the nanoparticles are both
crystalline and faceted. The nanoparticles presented an interlayer
d spacing of 0.25 nm, which is expected from main reﬂective
Fig. 4. Isothermal magnetization measurements showing in detail the hysteresis
for temperatures below TB.
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Fig. 5. Temperature dependence of the coercivity obtained from the hysteresis
curves.
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Fig. 6. (a) ZFC (K) and FC (J) magnetization curves measured under 100 Oe; (b)
d[ZFC–FC]/dT representing the distribution of blocking temperature of the
nanoparticles.
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TEM image are available as Supplementary Information.
Hysteresis curves measured from 3 K up to 290 K are shown in
Fig. 4. The coercivity and the remanence decrease with increasing
temperature and are negligible above 100 K. The magnetization
does not saturate even at 60 kOe and 3 K, a feature already
observed in systems of small maghemite nanoparticles [11].
Mo¨ssbauer spectroscopy measurements [12] and Monte Carlo
simulations [13] indicate that this effect comes from canting of
disordered spin on the surface of the nanoparticles. The surface
spin layer reduces the nanoparticles spontaneous magnetization
and leads to an apparent additional anisotropy on the high ﬁeld
approach to saturation. A rough estimate of the effective uniaxial
anisotropy constant value for our system was obtained from the
temperature dependence of coercive ﬁeld shown in Fig. 5. By
neglecting interparticle interaction and their size distribution
(thus the superparamagnetic fraction), the coercive ﬁeld HC
relates to the temperature T [14] as,
HC ¼ 0:5ð2K=MSÞ½12ðT=/TBSÞ3=4 ð1Þwhere K is the uniaxial magnetic anisotropy constant and MS is the
spontaneous magnetization. According to Eq. (1), HC is expected to
be a linear function of T3/4 and K/MS can be obtained by extrapola-
tion to T¼0. We can observe that this linear relationship is obeyed
only below 8 K, where most of the nanoparticles are blocked. The
deviation at higher temperatures is due to the neglected interactions
and/or larger size nanoparticles [15]. We used the saturation
magnetization as an approximation to the spontaneous magnetiza-
tions by extrapolatingM1/H to inﬁnite ﬁeld value at 3 K, ﬁnding a
value of 17 emu/g, in good agreement with the reported by Morales
et al. [16]. Our estimate for the effective anisotropy constant gives a
value K¼2.6105 erg/cm3. Note that there is a large spread of MS
and K values in the literature, Fiorani et al. [17] found for maghemite
nanoparticles ranging from 2.7 to 8.7 nm, K¼2.5106 erg/cm3 to
4.7105 erg/cm3 from the irreversibility ﬁeld (Hirr) of hysteresis
loops. A recent result found an effective value of K¼2106 erg/cm3
[18].
Our estimate using Eq. (1) gives a lower bound for K as the
measured HC is lowered by neglecting the fraction of superpara-
magnetic nanoparticles of the sample. We also neglected the effect
of the dipolar interactions. Another way to estimate K avoiding the
dipolar interactions is following Ref. [17] where Keff¼1/2MSHirr.
Using the 3 K magnetization loop, Hirr¼40 kOe giving
K¼1.7106 erg/cm3. This value is an upper bound for K as it
reﬂects the irreversibility of the nanoparticles with the largest
anisotropy energy barrier. An average value between these two
extremes would be the most representative value for our sample, so
in what follows we will consider Keff¼1106 erg/cm3.
The ZFC/FC curves measured with a ﬁeld of 100 Oe are shown
in Fig. 6(a). ZFC curves were obtained by cooling the sample under
zero applied ﬁeld to 2 K, then applying the desired ﬁeld and
measuring while slowly warming the sample to 300 K. The
temperature at the maximum of the ZFC curve is proportional
to the average blocking temperature of the particles. Actually,
there is a distribution of blocking temperatures (reﬂecting the
size distribution) which can be determined [19] by the derivative
of the difference of these curves with respect to temperature, i.e.,
d[wZFCwFC]/dT, see Fig. 6(b). Normalizing and integrating the
product of the derivative by the temperature we obtain the
average blocking temperature of the system /TBS¼28 K. The
volume is correlated to the blocking temperature (/TBS) by:
VC ¼ ð25kBTB=KÞ ¼ 4=3ðpr3Þ ð2Þ
Fig. 9. Arrhenius plot of the dynamic susceptibility in HDC¼0 (J) and HDC¼1 kOe
(r).
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constant of the magnetic particles. Using the estimated effective
anisotropy constant Keff¼1106 erg/cm3, the average magnetic
diameter of the nanoparticles is 5.7 nm.
The difference between the magnetic size and the TEM size is
observed in many similar systems and is usually attributed to
enhanced anisotropy and interparticle dipolar interaction [20].
Interparticle interactions can also be noted in the ﬁeld depen-
dence of the mean blocking temperature determined from ZFC/FC
data obtained at different ﬁelds shown in Fig. 7. Neglecting
interparticles interactions and the random orientations of the
anisotropy axis, /TBS is related to the ﬁeld H as [21,22]:
/TBS¼ K/VS½12ðH=HK Þ2=kB lnðtobs=t0Þ ð3Þ
where HK¼2 K/MS is the anisotropy ﬁeld, tobs is the measurement
observation time (100 s) and t0 is a characteristic time of the
order of 109–1012 s. A clear deviation from the behavior
predicted by Eq. (3) is observed around 200 Oe. This is typically
found in systems of interacting nanoparticles [22].
Dipolar interactions have a strong inﬂuence in the dynamic
magnetic response [13] of nanosized systems. This can be over-
come by the application of an external DC ﬁeld, higher than the
typical internal dipolar ﬁelds. We thus performed AC suscept-
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1/2 (inset) as a function of the magnetic ﬁeld. The behavior
predicted by Eq. (2) is not observed.
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Fig. 8. (a) and (b) In-phase and out-phase components of the AC susceptibility in
HDC¼0. (c) and (d) In-phase and out-phase components of the AC susceptibility in
HDC¼1 kOe.applied static ﬁeld. In Fig. 8 we present the results obtained with
HDC¼0 and HDC¼1 kOe. Both the in-phase w0 and the out-of-phase
w00 components show a frequency dependent maximum typical of
interacting magnetic nanoparticles. When the size distribution is
very narrow and interparticle interactions can be neglected, t is
exponentially related to the temperature, t¼t0 exp (DE/kBT), and a
linear relationship between log t and 1/T is observed. From the
maximum of w00 we extracted the relaxation time temperature
dependence (see SI—Figs. S2 and S3), shown in Fig. 9 as an Arrhenius
plot. Though our data follows a straight line, the extrapolated value
of t0 in HDC¼0 is very small, (176)1043 s, which has no physical
meaning. The value of the effective energy barrier, DE/kB¼(3873)
102 K, is one order of magnitude higher than the ones typically
found in systems of isolated particles of the order of 25/TBS. These
values show that the zero ﬁeld energy barrier is strongly inﬂuenced
by interparticles interactions.
The measurements made with HDC¼1 kOe show similar beha-
vior but with different ﬁtting parameters. The obtained value for t0
is (272)1012 s, of the order of magnitude expected for isolated
nanoparticles. The effective energy barrier, DE/kB¼(4772)10 K, is
one order of magnitude lower than the one found in HDC¼0.
Assuming DE/kB¼25/TBS we found /TBS19 K, a value which is
in good agreement with the mean blocking temperature in the ZFC
and FC susceptibilities measured in 1 kOe, shown in Fig. 8. The fact
that the AC susceptibility results under ﬁeld restore the expected
behavior of isolated nanoparticles indicates that 1 kOe is high
enough to overcome the internal dipolar ﬁeld among the particles.
This ﬁeld can be estimated from the dipolar ﬁeld of one nanoparticle
on an identical neighbor by Hdip¼MSV/d3. Using the extrapolated
value for MS and the mean diameter from TEM images we found
Hdip44 Oe, which is much smaller than 1 kOe. Finally we compare
these results with an estimate of the anisotropy energy barrier (DE/
kB¼KV/kB) expected for nanoparticles with mean diameter of 3.9 nm
and the estimated anisotropy constant (K¼1106 erg/cm3). We
found the value 225 K, which is lower than the dynamic value 470 K,
again in agreement with the hypothesis that the energy barrier is
enhanced by surface anisotropy contributions.4. Conclusions
Crystalline maghemite nanoparticles with narrow size distribu-
tion were obtained by a new method. From the temperature
dependence of the coercivity and the saturation magnetization we
estimated the anisotropy constant K¼2.6105 erg/cm3. From low
L.A. Mercante et al. / Journal of Magnetism and Magnetic Materials 324 (2012) 3029–3033 3033ﬁeld ZFC/FC magnetization measurements data we found that the
average blocking temperature ﬁeld dependence was typical of
interacting nanoparticles. These magnetic measurements led to an
estimated average diameter of 5.7 nm. This value is larger than the
values obtained from powder X-ray diffraction (3.0 nm) and also
direct observation of the sizes by HRTEM (3.9 nm). These results
follow the general understanding that the surface contribution to the
anisotropy is relatively larger than in the bulk. We also studied the
dynamic behavior of the nanoparticles by AC susceptibility. The
obtained relaxation times follow an Arrhenius law with unphysical
small values of the t0 parameter and too large energy barrier values.
Reasonable parameters are recovered when the measurements were
done within a static ﬁeld of 1 kOe, which overcomes interparticle
dipolar interactions, leading to a good agreement with estimated
parameters from the DCmeasurements. The large difference between
the dynamic energy barrier and the estimated energy barrier from
static measurements and TEM sizes is an evidence that the surface
contribution to the anisotropy is very large.Acknowledgment
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